As cardiomyocytes mature, their sarcomeres and Z-band widths increase in length in order for their myofibrils to produce stronger twitch forces during a contraction. In this study, we tested the hypothesis that tensional homeostasis is affected by altering myofibril forces. To assess this hypothesis, neonatal rat cardiomyocytes were cultured on arrays of microposts to measure cellular contractility. An optical line scanning technique was used to measure the deflections in the microposts with high temporal resolution, enabling the analysis of twitch force, twitch velocity, and twitch power. Myofibril force production was elevated by vector-mediated overexpression of ribonucleotide reductase (RR) to increase cellular dATP content or by adding the inotropic agent EMD 57033 (EMD). We found that RR and EMD treatment did not affect cardiomyocyte twitch force, but it did lead to reduced twitch velocity and twitch power. Immunofluorescent analysis of a-actinin revealed that RR-over-expressing cardiomyocytes and EMD-treated cardiomyocytes had lower spread area, sarcomere length, and Z-band width as compared to control cells. These results indicate a correlation between myofibril structure and cardiac power. This correlation was confirmed by exposing the cells to the myosin II inhibitor blebbistatin, and then subsequently washing it out. After wash-out, cardiomyocytes exhibited a reduction in twitch force, velocity, and power due to shorter sarcomere length and Z-band widths. Our results suggest that cardiac myofibril structure is regulated by tensional homeostasis. If myofibril-generated forces in cardiomyocytes are elevated, a state of tensional homeostasis is maintained by producing sufficient twitch forces with a lower degree myofibril structure.
Introduction
During maturation, neonatal cardiomyocytes undergo a hypertrophic growth phase in order to increase their capacity to perfuse the body with a sufficient supply of blood. [1] [2] [3] [4] [5] [6] [7] This hypertrophic growth is associated with increased diastolic strain and systolic stress, leading to a greater density, coupling, and structural organization of myofibrils in the cardiomyocytes. 1, 2, 4, 6, 7 In contrast, neonatal cardiomyocytes that are unable to contract have suppressed hypertrophic growth and reduced myofibril development, suggesting that a mechanotransduction mechanism may underlie this response. 8, 9 Moreover, the stiffness of the cardiac extracellular environment, which provides a mechanical resistance to twitch contractions, can stimulate cardiomyocytes to improve their myofibril structure and amplify calcium transients in order to produce a more powerful twitch contraction. [10] [11] [12] [13] Examples such as these suggest that a feedback mechanism exists in cardiomyocytes, enabling adaptation to their mechanical environment through remodeling of their myofibril structure. In non-muscle cells, tensional homeostasis has been suggested as a feedback mechanism by which cells respond to their mechanical environment. [14] [15] [16] [17] [18] However, it is unclear whether or not tensional homeostasis is also a governing mechanism for cardiomyocytes. Specifically, forces that act on cardiomyocytes, whether they stem from internal or external sources, may serve as mechanical cues that stimulate hypertrophic growth and myofibril development. External forces applied to cardiomyocytes by stretching them on flexible membranes can promote their hypertrophic growth, 19, 20 but the effect of these applied forces on the spontaneous contractility of the cardiomyocytes is unclear. Additionally, since external forces alter the tensional state within cardiomyocytes, it is plausible that cardiomyocytes with enhanced internal forces i.e. twitch forces, could achieve a state of homeostasis without the need for further myofibril production or organization. Thus, enhancing the force produced by myofibrils in cardiomyocytes could directly test the tensional homeostasis hypothesis. However, previous studies have only explored how cells respond to reductions in myofibril force. 21 The goal of this study was to determine how tensional homeostasis -a feedback mechanism governed by cellular forces -is affected by modulating the amount of force produced by myosin heads in spontaneously beating cardiomyocytes. We utilized two strategies to increase myofibril force generation in cardiomyocytes: adenoviral overexpression of ribonucleotide reductase (RR) and treatment with EMD 57033 (EMD). RR promotes the generation of 2-deoxy-ATP (dATP) from ATP, which we have previously shown leads to a higher magnitude of force and a faster rate of force production in cardiac muscle by increasing the number of cross-bridges that bind and cycle. [22] [23] [24] [25] [26] [27] Alternatively, EMD 57033 (EMD) is an inotropic agent that can be used to increase the average force per actomyosin cross-bridge. [28] [29] [30] [31] To determine the effect of RR-overexpression and EMDtreatment on cardiac tensional homeostasis, we cultured cardiomyocytes on arrays of microposts and measured their twitch force, velocity and power in relation to their myofibril structure. We observed that both RR-overexpressing and EMD-treated cardiomyocytes produced twitch forces that were similar to those produced by cardiomyocytes cultured under control conditions, which indicates that the equilibrium state for cardiac tensional homeostasis was maintained. Twitch velocity and twitch power in the treated cells, however, were significantly lower than control cells. Immunofluorescent analysis of spread area, sarcomere length, and Z-band width revealed that RR-overexpression and EMD treatment both caused cardiomyocytes to have lower spreading and poor myofibril structure. These results suggest that twitch forces act as an internal cue for tensional homeostasis, which is maintained by altering myofibril structure and, subsequently, cardiac power. To the best of our knowledge, this is the first study to examine how altering the internal load produced by spontaneously-beating cardiomyocytes affects the contractile and structural properties of these cells.
Methods

Cell culture
Cardiomyocytes were isolated from 2-4 day old newborn Fischer 344 rats as previously described, 10 under approval of the University of Washington Animal Care Committee and in accordance with federal guidelines. Micropost arrays were submerged in 2 mL of plating media (4 : 1 ratio of DMEM to M199 Hyclone, 10% horse serum, 5% fetal bovine serum, 20 mM HEPES, 100 U mL
À1
penicillin G, 100 mg mL À1 streptomycin and 4 mM glutamine) and placed in an incubator. Isolated cardiomyocytes were suspended at a density of 1000 cells per mL in plating media and gently pipetted on top of the arrays of microposts in 200 mL aliquots. The culture was then left undisturbed for 15 minutes before it was moved into the incubator. All reagents were purchased from Sigma-Aldrich unless specifically noted. Culture conditions for each treatment were the same. After treatment, the media was changed every day and was supplemented with 10 mM arabinosylcytosine to remove proliferating cells (such as fibroblasts).
Micropost preparation
Arrays of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) microposts were fabricated on top of glass cover slips using a replica-molding process. 10 The spring constant of an individual micropost, k, was calculated by:
where E is the Young's modulus of PDMS, D is the diameter of the post, and L is the post height. For these experiments, a uniform array of microposts was used. Each micropost had an approximate height of 5.7 mm, diameter of 2.9 mm, and spring constant of k = 142 AE 30 nN mm À1 , while the array had an effective shear modulus of 15 AE 2 kPa, which matches closely with the stiffness of the native tissue. 10 To enable cardiomyocyte attachment on top of the microposts, fibronectin (50 mg mL À1 BD Biosciences) was deposited on the tips of the microposts using microcontact printing. The arrays were then incubated overnight in a 0.2% solution of Pluronic F127 (Sigma-Aldrich) at 4 1C to block the adsorption of additional proteins to the surface of the microposts.
Cell force modulation
Viral-mediated enhancement of myofibril forces was achieved by increasing dATP production in cells via transduction with an adenoviral vector for ribonucleotide reductase subunits Rrm1 and Rrm2, in addition to green fluorescent protein as a reporter protein to confirm expression (RR + GFP). Control cells were treated with an adenoviral vector for expression of GFP only.
To increase the average force per actomyosin crossbridge through pharmacological means, cardiomyocytes were exposed to 10 mM EMD in dimethyl sulfoxide (DMSO) at 0.05% (v/v). Here, control cells were treated with DMSO. EMD was obtained from a generous gift by Merck. After measurements were made in the presence of EMD, it was washed out to determine the twitch capacity of these cardiomyocytes without the enhancement View Article Online of cross-bridge force. All of the above treatments were performed 16 hours after seeding the cells onto the posts. Blebbistatin (in DMSO), which binds to myosin and inhibits cell contraction, was used as a negative pharmacological control. Cells were treated with 10 mM blebbistatin after 64 hours of culture on the microposts. At this point, the cardiomyocytes were attached and had adapted to their micropost environment by increasing their contractility and myofibril structure. 10 After 6 hours, blebbistatin was washed out by replacing the media with blebbistatin-free DMSO.
Measurement of force, velocity, and power
Micropost deflections were measured 70 hours after cardiomyocyte seeding. These deflections were measured with IonOptixr line scanning software and IonOptixr optical equipment, as previously described. 10 Briefly, optical line scanning was used to track the motion of a single micropost as it moved along a line of pixels in an optical microscope's CCD camera. 32 To determine the magnitude of the twitch force, the distance between the position of a micropost in each video frame and its initial position, i.e. its deflection, was multiplied by the spring constant (142 nN mm À1 ) of the micropost as described by eqn (1). Twitch velocity was determined by dividing the change in position of a micropost by the period of time between frames, while twitch power was calculated by multiplying the twitch force and twitch velocity together. Post deflections were measured at the perimeter of the cell, and at least two post measurements were analyzed from each cell. We restricted our analysis to posts on the edge of the cell as these locations are associated with the terminal end of at least one myofibril, as well as producing the highest twitch forces. 10 Cells that did not deflect the posts were not measured, and of the measured cells, only those posts which demonstrated steady contractions that fell within the 95% confidence interval of all contractions were analyzed. Calculations of average maximum twitch force, velocity, and power were then based on the analysis of all contractions that met this criterion, across multiple different posts, cells, and experiments. To conduct these measurements, cardiomyocytes on microposts were placed into an IonOptixr field stimulation chamber immersed in Tyrode's buffer (10 mM HEPES, 138 mM NaCl, 5.5 mM glucose, 12 mM NaHCO 3 , 0.36 mM Na 2 HPO 4 , 2.9 mM KCl, 0.5 mM MgCl 2 and 1 mM CaCl 2 at pH 7.4). For the study with EMD and its control group, 10 mM EMD in DMSO or only DMSO was added to the Tyrode's buffer at 0.05% (v/v). All experiments were conducted at room temperature. The measurement time point was selected in order to give the cells sufficient time to reach a steady-state in their growth, as previously reported. 9 We observed that twitch force, velocity, 
Immunofluorescence analysis
Myofibril structure was assessed by using a Triton extraction and immunofluorescence staining protocol. Briefly, cells were treated with 0.5% Triton X-100 with protease inhibitors, fixed in 4% paraformaldehyde, and blocked with 10% goat serum. Z-bands were stained by incubating cells with monoclonal mouse antibodies against sarcomeric a-actinin (Sigma-Aldrich) and AlexaFluor 647 goat anti-mouse IgG antibodies (Invitrogen). Nuclear staining was conducted using Hoechst 33342 (Invitrogen). Image analysis of spread area, sarcomere length, and Z-band width was performed with NIS-Elements software. Spread area was measured by counting the number of pixels contained inside the perimeter of a cell. Sarcomere lengths were quantified by measuring the distance between the peak fluorescence intensities of two, linearlyoriented, parallel Z-bands, while Z-band width was quantified by applying an edge-detection algorithm in order to measure their end-to-end length. 10 At least 9 measurements of sarcomere length and 15 measurements of Z-band width were taken per cell, and at least four cells were analyzed per experimental group. The approximate error in these measurements is 0.05 mm, which was determined by taking measurements of the same structure in different viewing planes.
Statistical analysis
Due to the non-parametric nature of the data, statistical differences between GFP and RR groups were determined by a MannWhitney Rank Sum Test, 10 
Results
Neonate cardiomyocytes were cultured on fibronectin-stamped micropost arrays and treated with (1) adenoviruses for expressing green fluorescent protein (GFP), (2) adenoviruses for expressing muscle ribonucleotide reductase subunits M1 and M2 and GFP (RR + GFP), (3) DMSO, or (4) EMD in DMSO. At the time when the vectors or reagents were added to the culture, cardiomyocytes had attached onto the tips of the microposts,
but not yet fully spread and did not exhibit spontaneous contractions. After 2 days in culture, cells from all four test groups began to spontaneously beat. From these observations, we determined that the adenoviruses and reagents were added at a time during which twitch contractions are able to influence cardiomyocyte growth and/or remodeling in vitro. 8, 9 Once spontaneous contractions began, the average beat frequency was 1.0 AE 0.1 s À1 at room temperature and was not significantly different between the four groups.
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View Article Online RR expression reduces twitch power and myofibril structure
The average maximum twitch force produced by posts at the perimeter of the cell for RR + GFP-expressing cardiomyocytes was found to be statistically similar to the average produced by GFP-expressing cardiomyocytes (Fig. 1A) . At first examination, the similarity between the maximal twitch forces for RR + GFP and GFP-expressing cells suggested that elevated levels of dATP do not affect contractility. This differed from our previous findings using isolated muscle fibers or adult cells. [22] [23] [24] [25] [26] However, it was plausible that the difference may have been due to difference in experimental conditions between the two studies.
In the current study, neonatal cardiomyocytes with nascent contractile machinery were used instead of fully developed adult cells. Moreover, cardiomyocytes used in this study were cultured on arrays of flexible microposts, which enabled a larger degree of shortening during a twitch contraction than would be possible for cardiomyocytes adhered to a rigid tissue culture dish. As a consequence, they would be able to equilibrate their twitch forces in order to compensate for the higher myofibril forces caused by elevated dATP levels in RR + GFP overexpressing cardiomyocytes. Even though the average maximum twitch forces were similar in RR + GFP and GFP-expressing cardiomyocytes, twitch velocity and twitch power were not maintained. The average maximum velocity reached during a twitch contraction was significantly lower for RR + GFP-expressing cardiomyocytes as compared to GFP-expressing cells (Fig. 1B) . Likewise, the average maximum power achieved during a twitch contraction was lower in RR + GFP-expressing cells than GFP-expressing cells (Fig. 1C) . These differences in twitch velocity and twitch power indicate that elevated cellular levels of dATP can adversely affect twitch power in neonatal cardiomyocytes, which, to the best of our knowledge, has not been seen previously in adult cardiomyocytes. [22] [23] [24] [25] [26] Immunofluorescent antibody staining of the treated cardiomyocytes revealed structural and morphological differences between GFP-expressing ( Fig. 2A) and RR + GFP-expressing cells (Fig. 2B) . For example, RR + GFP-expressing cells had spread areas that were significantly lower than the spread areas of GFPexpressing cells, indicating growth related to tension production may have been suppressed (Fig. 2C) . Myofibril structure was also influenced by RR + GFP-overexpression, as evidenced by shorter sarcomere lengths and reduced Z-band width as compared to GFP-expressing cells (Fig. 2D and E) .
Sarcomere length determines the degree of thin and thick filament overlap and influences the lattice spacing between the filaments, both of which affect the probability of actomyosin cross-bridge formation and the force generating capacity of myofibril bundles. [33] [34] [35] [36] Since the GFP-expressing cardiomyocytes have a sarcomere length (B1.88 mm) that is near optimal for filament overlap, the similar twitch force for RR + GFPexpressing cells with shorter sarcomere lengths (B1.61 mm) suggests that elevated cellular dATP may increase the number of cross-bridges per unit length of filament overlap, or increase the force produced per cross-bridge, or both. An additional factor in the structure of myofibrils is Z-band width (Fig. 2E) . A Z-band adjoins neighboring sarcomeres and improves the synchronicity of their shortening during contraction. 
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Additionally, increasing numbers of myofibrils in parallel increases Z-band width, providing more contractile capacity to bend individual micro-posts. Previously, we have shown that Z-band width correlates with the degree of twitch power produced by neonatal cardiomyocytes. 10 The width of the Z-bands in RR + GFP-expressing cells was significantly lower than for GFP-expressing cells, indicating a lower degree of synchronicity in their myofibrils. The width of a single myofibril is approximately B1 mm, 38 so the data suggests that RR + GFP-expressing cardiomyocytes are primarily populated by single myofibrils as opposed to bundles. In contrast, Z-disk widths for GFPexpressing cells were B3 mm, suggesting either two or three myofibrils per post on average. Taken together, the shorter sarcomere length and narrower Z-bands in RR + GFP-expressing cardiomyocytes suggests that these structural differences may result in lower maximum twitch velocity and twitch power.
EMD reduces twitch power and myofibril structure
The inotropic agent EMD was used to further test the hypothesis of tensional homeostasis in cardiomyocytes. EMD increases contraction by enhancing the force produced by individual crossbridges. [28] [29] [30] [31] A comparison of cardiomyocytes treated with EMD or those expressing RR + GFP should determine whether myofibril force per se and/or the relative number of force producing crossbridges is regulated by tensional homeostasis. Prior to adding EMD, initial twitch behavior was assessed. After this baseline was established, EMD in DMSO was added to culture bath, and contraction measurements were repeated as the concentration of EMD was increased. After treatment with EMD, twitch forces of neonatal cardiomyocytes were increased by 20-25% over a 20-fold range of EMD concentrations in media, (Fig. 3) . Furthermore, unlike over expression of RR + GFP where elevated cellular levels of dATP are not easily reversed, a series of cell washes removes EMD and restores twitch forces to pre-treatment levels. Similar to previous results, no significant difference in the average maximum twitch force per post was observed between cells cultured with or without EMD (Fig. 4A) . EMD cells did have a reduced maximal twitch velocity (Fig. 4B) , which resulted in lower maximum twitch power (Fig. 4C) . After EMD wash-out, twitch force was reduced by 18%, and was not significantly different that pre-EMD force levels.
To determine if EMD affected cell spread area or myofibrillar structure, cardiomyocytes were fixed and stained against a-actinin. Cells treated with EMD had similar myofibril structure as RR + GFP cells, including significantly smaller spread areas (Fig. 5D ), sarcomere lengths (Fig. 5E) , and Z-band widths (Fig. 5F ). Taken together, these results suggest that the effect of EMD treatment on myofibril development was similar to that of RR + GFP overexpression, and both likely result from increased myofibril force producing ability. Furthermore, both treatments alter myofibril structure and bundling (Fig. 5B , E, and F) in a similar manner, suggesting cells compensate for increases in actomyosin force by suppressing myofibril structure and organization. The compensation for increased myofilament force supports the idea of existence of mechanical feedback controls during neonatal cardiomyocyte growth to maintain tensional homeostasis.
Reduced twitch power is associated with structural changes
Blebbistatin was used to inhibit myosin interaction with actin and thus reduce twitch forces. Before adding blebbistatin to the culture media, twitch forces were measured to obtain a baseline measurement. Incubation with increasing concentrations of blebbistatin progressively inhibited twitch force, and at 10 mM blebbistatin twitch forces were reduced to less than 20% of the baseline force. For short term treatments, after wash out, twitch forces returned to near baseline levels (Fig. 6) .
However, following longer blebbistatin treatment (6 hours.) and wash-out, twitch force (Fig. 4A), velocity (Fig. 4B) , and power ( Fig. 4C) were significantly reduced when compared to the DMSO control group. Interestingly, the decreases in force, velocity, and power were statistically similar to those seen in the cells treated with EMD. Longer incubations of cardiomyocytes with blebbistatin (4 or 20 hours) have previously been shown to inhibit spontaneous contraction and result in deleterious reductions to myofilament structure and cell morphology. 39 We found similar results in this study. The effect of 6 hours of blebbistatin incubation on sarcomere length and degree of myofibril coupling was similar to that for EMD-treated cardiomyocytes ( Fig. 5E and F) . However, blebbistatin did not significantly affect spread area (Fig. 5D) . Since blebbistatin has no significant effect on the calcium transient, 39 and there is similarity in spread area between the blebbistatin and EMD groups, the reduced force in both cases is likely a result of the altered myofibril structure.
Discussion
The major conclusion of this work is that: increasing the ability of individual myofibrils to produce force (by either increased crossbridge binding or force per cross-bridge), appears to lead to changes in cardiomyocyte cell spread area and sarcomeric organization which likely results in no change in twitch force but a reduction in twitch power and twitch velocity. These results suggest that mechanical feedback can influence the structural development of the cell as it tries to maintain tensional homeostasis.
Tensional homeostasis maintained by mechanical feedback
Although RR-overexpression and EMD-treatment potentiate myofibril forces via different mechanisms, cardiomyocytes cultured with either approach yield similar alterations in myofibril structure ( Fig. 2B and 5B), and produce a similar twitch force as control cells (Fig. 1A and 4A ). This corroborating evidence suggests that enhanced actin-myosin interactions were critical in determining the degree of cytoskeletal organization, and not the specific agent. This result is indicative of cardiomyocytes reaching tensional homeostasis with the mechanical stiffness of their substrate. It is likely that once this point of stasis is reached, myofibril development is suppressed, as reflected in myofibril structure and spread area. Tensional homeostasis would help explain mechanisms that induce controlled growth during maturation. It is known that changes in the demands of the heart lead to increased mechanical stress on developing cardiomyocytes, and eventually results in hypertrophy. [1] [2] [3] [4] [5] [6] [7] This increased demand is associated with extracellular environmental changes, such as increased myocardium stiffness and diastolic stretching. 1, 2, 4, 6, 7, 40, 41 In nonmuscle cells, mechanical stiffness of the extracellular environment sets the degree of tension needed to reach homeostasis. 15, 42 If a similar mechanism translates to cardiomyocytes, increasing stiffness will increase the necessary degree of force generation by individual twitch contractions in order to reach tensional homeostasis. A correlation between stiffness and twitch force was demonstrated previously on both microposts 10 and flat polyacrylamide gels. 11 These studies found that twitch force increases with substrate stiffness. Additionally, increases in force were associated with altered structure and increased calcium transient amplitude, both of which represent intracellular modifications that could be the result of mechanical feedback controls to generate additional tension. In terms of stretch, increased mechanical strain leads to better myofibril alignment and amplification of hypertrophic signaling. 19, 20 Thus, external mechanical cues can control growth and development by altering the level of tension necessary for the cell to reach homeostasis.
In this study, we observed that structural modifications in response to increased myofibril force occurred on deformable microposts, but this does not occur on non-deformable substrates. 26 Deformation is associated with the degree of strain sensed by the cell, and strain is an important element in initiating mechanotransduction. [43] [44] [45] The feedback control associated with tensional homeostasis is likely mechanotransductive View Article Online in nature, 46 and is likely linked to proteins at the Z-disc and/or adhesion complexes typical of cardiomyocytes. 44, 47 When cells are overstretched, hypertrophic signaling pathways are suppressed, suggesting the potential for a negative feedback loop associated with large degrees of strain. 20 If a cell cannot deform its environment, it might not generate enough strain to initiate the negative feedback controls associated with tensional homeostasis. Therefore, the degree to which a cell can deform its environment is important to maintaining tensional homeostasis and preventing the development of pathophysiological phenotypes.
Twitch power is dependant on myofibril organization
Actomyosin cross-bridges within sarcomeres generate the twitch force and shortening at the myofibril level that produce the power needed for ventricular blood ejection. 34, 48, 49 Here, we
showed that increasing myofibril force in a developing cardiomyocyte appears to result in cells capable of producing the normal levels of twitch force with less myofibril organization. This reduction in structure is associated with lower twitch velocity, independent of the level of twitch force ( Fig. 2B and 4B) , and a lower capacity to generate twitch power ( Fig. 2C and 4C ).
It is important to note, however, that these results are specific to force-modulated neonatal cardiomyocytes. When adult rat cardiomyocytes were made to overexpress RR, Korte et al. found no significant structural differences between treated and nontreated cells. 26 Furthermore, RR treated cells exhibited enhanced fractional shortening, shortening velocity, and relaxation velocity, as compared to non-treated control cells. 26 Isolated cardiomyocytes from transgenic mice that overexpress RR were also seen to demonstrate similar increases in contractile properties. 27 These results imply that, while cardiomyocytes are in their developing state, they have greater plasticity to find ways to reach the same level contractile force. However, when cells are already in a structurally developed state, such is the case with adult cardiomyocytes, methods that produce force enhancement may have no delirious effect on myofibril development. Velocity is a product of synchronization of multiple crossbridges undergoing their power stroke. 34 Synchronization to affect shortening velocity in a particular direction is achieved when myofibrils are tightly grouped and aligned in register with one another. 37 Maximum force is somewhat dependent on synchronization of cross-bridges during contraction, but is primarily determined by the number of cross-bridges formed at the peak of contraction, and the amount of force produced by each of these cross-bridges. 50 Therefore, similar levels of force may be produced independent of myofibril coupling. Thus, for equivalent force production, velocity can be lower in cardiomyocytes with reduced myofibril coupling. As such, the degree of myofibril coupling is positively correlated with the capacity to generate power due to increased contractile synchronization associated with the lateral transmission of mechanical stress.
Conclusions
With this work, we demonstrated for the first time, that increases in myofibril force can abrogate hypertrophic development and myofibril coupling of spontaneously-beating cardiomyocytes in vitro. This mechanobiological response is associated with reduced myofibril coupling and sarcomere length, which appears sufficient to cause reduced twitch velocity and power. Evidence from others investigating cellular strain suggests that mechanotransductive signaling is a potential mechanism for feedback control, 43, 45 but further work is needed to directly connect this hypothesis with the results presented here. The results of this study demonstrate the complexity of cardiomyocyte response to mechanical stress and the potential role of tensional homeostasis in the development of cardiac muscle.
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